Abstract. This paper considers a communication model containing two users that exchange their information with the help of multiple parallel relay nodes. To avoid interference at these common nodes, two users are required to transmit over the different frequency bands. Based on this scenario, the achievable rate region is initially derived. Next, an optimization scheme is described to choose the best relays that can be used by each user. Then, two power allocation optimization schemes are investigated to allocate the proper average power value to each node. Finally, comparisons between these two optimization schemes are carried out through some numerical examples.
Introduction
Relaying has a major role in extending and/or improving the performance of wireless networks. In its simplest form, the relay channel, which is mainly composed of a source transmitting to its destination with assistance of a relay node, was initially proposed by van der Meulen in his seminal work [1] . Since then, this channel model has been received an extensive investigation in both theory and practice. From an information theory perspective, the achievable rate of the physically degraded relay channel was studied in [2] . Further, based on the channel's gain from the source and the relay to the destination, various encoding techniques have been studied. These encoding schemes include Decode-and-Forward (DF) [2] and [3] , Partial Decode-and-Forward (PDF) [4] and Amplify-and Forward (AF) scheme [5] and [6] . For practical purposes, a relay channel with orthogonal channel components was studied in [7] , [8] and [9] . The motivation beyond this scheme is that a relay cannot simultaneously receive and transmit over the same frequency band.
Recent studies show that a bidirectional relay node may be used to increase the spectrum efficiency. In this channel model, a relay node can be used to help two users in exchanging their information. This Two-Way Relay Channel (TWRC) was extensively addressed in many different scenarios [10] , [11] , [12] , [13] , [14] , and [15] . For instance, the achievable rate region was considered in [10] , [11] and [12] , an efficient compute and forward scheme was investigated in [15] , and an AF encoding scheme was examined in [5] . Further, performance of this TWRC was studied in [13] and [16] for the case that Orthogonal Frequency Division Multiplexing (OFDM) is employed by both of the users. In addition, TWRC with multiple parallel relays has been investigated from various aspects like beamforming [17] , and diversity analysis [18] and [19] . This paper considers the TWRC with multiple parallel relays and orthogonal channel components, as shown in Fig. 1 . This channel model consists of two users want to exchange their information via the help of multiple parallel relays. This communication scenario may model two users want to communicate with the help of common node(s) such as access point(s). In order to avoid interference between the two users' signals at each relay, the users are required to transmit over channels with different frequency bands. First, the achievable rate region is derived using full DF at all relays. Next, an optimization scheme is described to select the best two relays to forward the two users' signals to their destination. Then, based on whether these relays can cooperate to form a Multiple Input Single Output (MISO) channel with each destination or not, two power allocation schemes are distinguished and investigated. These power allocation schemes are used to allocate the optimal power values at both source nodes and the selected relays such as the sum rate is maximized under the fairness constraint. Afterwards, some numerical examples are discussed to show the importance of our theoretical work. The rest of this paper is organized as follows. The communication model that we study in this paper is introduced in Section 2. Next, the achievable rate region of the TWRC with multiple relays and orthogonal channel components is characterized in Section 3. Then, for a given user, the best relay to use and the optimum power allocation that maximize the sum rate are investigated in Section 4. Numerical results are presented in Section 5. Finally, we conclude the paper in Section 6.
TWRC: Channel Model
In this Section, the communication model, as shown in Fig. 1 . is presented. This model consists of two users, which want to exchange their information, and multiple parallel relay nodes. In order to avoid interference between the two user's signals at each relay, the relays are assumed to operate over multiple frequency bands with multi-standards. These relays can decode and then forward the two users' signals to their destinations. Also, in this case, the relays are assumed to forward the signals over channels with different frequency bands. This selection can simplify the transmissions and also optimize the available power between the two users. In addition, data transferring is performed over 2n of the channel uses, In particular, n uses of the channel are consumed in the broadcast phase, and another n uses of the channel are employed in the multiple access phase. In the first step, each user broadcasts (BC) its signal X i , i ∈ {1, 2}, over channels with different frequency bands, to all the relays. Thus, for a given relay, the received signal, Y iRj , is given by
where h iRj is the channel gain from user
, and L is the number of used relays. Further, the noise signal Z iRj is assumed to be Gaussian noise with 0 mean and variance normalized to 1. Indeed, the average transmit power, P i , at each source is limited by
In the second step, each relay forward the two users' signals to their destinations. Since multiple relays can forward each user's signal, thus, a multiple access channel (MAC) is formed. Therefore, the received signal Y i , i ∈ {1, 2}, at each destination is expressed as
where h Rj i is the channel gain from a relay R j to destination U i . In addition, for instance,
is the signal forwarded to the destination U 2 and it is a function of X 1 , i.e. X Rj 2 = f (X 1 ), and with average power P Rj 2 given by
Moreover, the noise signal Z i is assumed to be Gaussian noise with 0 mean and variance normalized to 1.
Since the BC term is performed over n uses of the channel, and the MAC term is also performed over another n uses of the channel, the transmission from a given source to its destination is performed over 2n uses of the channel.
Achievable Rate Region
In this Section, the achievable rate region of the TWRC, which is augmented by multiple parallel relays, is derived. The transmission is composed of two phases. In the first phase, the users broadcast to the relays. Then, in the second phase, the relays forward the decoded messages to their destinations. The achievable rates and the transmission phase are introduced in the following Thm. 1.
Theorem 1.
The achievable rate region of the TWRC with multiple parallel relay nodes is given by
where
and ρ jv is the cross-correlation between the signals forwarded by the relays j and v, respectively. In addition, E[.] denotes the expectation.
Proof. The transmission from a given source to its destination consists of two phases, the BC phase, and the MAC phase. In the BC phase, as seen in Fig. 2 , a source broadcasts its signal into multiple parallel relays. This transmission is equivalent to that over parallel Gaussian channel [20] . Thus, the achievable rate, for user U 1 , in the BC phase, can be expressed by:
where I(.) is the mutual information, and h(.) is the differential entropy. Remember that the noise variance over all channels is normalized to 1. Also the second user's signal is received by all the relays. We remind that the relays can receive signals over different frequency bands. Thus, in the BC phase, the achievable rate for user U 2 can be expressed by At the end of this phase, the relays can decode the users' signals. Then, in the second phase, the relays can forward each signal to its destination. Thus, the transmission from all relays to a given destination forms a MAC channel, as depicted in Fig. 3 . For instance, the achievable rate of DF X 1 to its destination U 2 , in the MAC phase, can be expressed as:
where A 1 is the total signal-to-noise ratio from all relays to the destination U 2 , in the MAC phase, and is already defined in the previous theorem. Moreover, similar results can be obtained from decode and then forward X 2 to its destination U 1 . 
Optimal Power Allocation
In this Section, power allocation techniques, which are used to distribute the available total power among the two sources and the relays, are studied. In particular, the power is allocated such that the two users have the same data rate. To understand how this power should be distributed, the transmission phases should be analyzed. For a given user, in the MAC term, the authors in [21] showed that the total available power is given to the node that has the best channel gain with the destination. This means that in decoding and forwarding X 1 to its destination, U 2 , the relay which has the highest channel gain with U 2 is selected. This scenario is also used to select the relay to contact with U 1 in DF X 2 . Generally, the selected relay to extend the transmission to U 1 , may not be the same one that has to contact with U 2 . For instance, in the MAC phase, assume R g and R h are the selected relays to forward the signals to U 1 and U 2 , respectively. Since the BC phase and the MAC phase are done over orthogonal time periods, we can easily assume that the channel gain for a given link does not change over 2n uses of the channel i.e., |h 1Rg | = |h Rg1 |. Then, for instance, the selected relay to forward to U 1 can be chosen to receive from U 1 in the BC phase. Since each user can be in touch with only the selected relay over a given frequency band, the two relays may be used to receive from the two sources in the BC phase and then to DF the signals in the MAC phase, as depicted in Fig. 4 . Thus, the power allocation among the two users and the selected two relays has an important role of maximizing each user's rate and also the sum rate. Therefore, the problem of maximizing the sum rate under the fairness constraint is considered. Hence, this optimization problem can be formulated as:
Now based on the ability of the relays to cooperate, two transmission schemes are developed. In the case of cooperation, these relays can form a sender with two transmit antennas. Hence, Multiple Input Single Output (MISO) channel with two transmit antennas and one receive antenna is formed. When there is no cooperation, the relays are considered as two separate users transmitting to a given receiver to form a MAC channel. Based on these two cases, the achievable sum rate is studied in the next two Subsections.
Power Optimization in MISO Channel
In this Subsection, the achievable sum rate is maximized in the case that the two relays and their destination forms a MISO channel. We start solving this optimization problem by noting that the maximum achievable rate, over a relay channel, is obtained in the case of R BC = R M ISO . Thus, for the user, U 1 , we may write
where P 3 is the part of each relay's power allocated to transmit X Rg2 and X R h 2 . Noting that, in the case of cooperative relays, the transmission from the two relays to any destination forms a MISO channel. For example, the capacity of the MISO channel, with two transmit antennas and one receive antenna, from the relays to U 2 , is given by [22] :
Hence, in Multiple Input Multiple Output (MIMO) channel, equal allocated power to all transmit antennas is commonly used. Further, similar result can be obtained for U 2 . In this case, we may start by choosing
where P 3 + P 4 = P Rg = P R h , P 4 is the part of each relay's power allocated to transmit X Rg1 and X R h 1 to their destination U 1 . From Eq. (15) and Eq. (19) , it is clear that four unknowns P 1 , P 2 , P 3 , and P 4 are available. Thus, two more equations should be obtained to solve this problem. The key to our solution is that
Thus, we may have
and
Now by solving Eq. (23), the following is obtained,
Then, by substituting the result from Eq. (24) in Eq. (15) and in Eq. (19), we get
respectively.
Finally, by replacing the results from Eq. (24), Eg. (25), and Eq. (26) in P T = P 1 + P 2 + P R h + P Rg , the total available power can be optimally distributed as
In forwarding the signals to their destinations, this solution confirms that more power is allocated to the direction which has the lower channel gain. However, this is a suboptimal solution since more solutions can be obtained by solving R BC1 = R BC2 , R BC1 = R M ISO2 , and
In the next Subsection, instead of solving a set of equations again, an iterative algorithm is designed to solve the power allocation problem among all nodes.
Power Optimization in MAC Channel
In this Subsection, we consider the case that the selected relays do not cooperate to forward each user's signal into its destination. Thus, the channel from the relays to each destination form a MAC one. Thus, forwarding U 1 s signal to its destination, by the two relays, is given by:
Similarly, forwarding U 2 s signal to its destination is expressed as:
Further, we remind that the rates during the BC phase, as derived in the previous Subsection, do not change.
In this case, an iterative power allocation algorithm is characterized instead of solving a set of equations to get a suboptimal solution, as in the previous Subsection. Here, an algorithm is characterized to allocate the total power among all nodes such that the sum rate R T is maximized under fairness constraint.
Algorithm 1 Iterative Power Optimizations.
1: Initializations: Based on the channel gains, select P 1 and P 2 such that R BC1 = R BC2 . 2: Select P Rg2 and P R h 2 such that R BC1 = R M AC1 . 3: Can we find P Rg1 and P Rh1 such that R BC2 = R M AC2 , P Rg = P Rg1 + P Rg2 , and The following points should be considered when Alg. 1 is implemented.
• In allocating P 1 and P 2 , the user which has less channel gains with the relays is given more power such that R BC1 = R BC2 is obtained.
• In allocating P Rg2 and P R h 2 , the relay which has higher channel gain with the desired destination is given more power than the other relay.
Numerical Results
This Section presents some numerical examples to show the importance of our theoretical part. Basically, two examples are presented (i) to show the relation between the achievable rate of a given user and number of relays, (ii) to compare between the two developed encoding schemes, and (iii) to compare between the two studied power allocation techniques. Figure 5 shows the achievable rate of U 1 as a function of the number of used relays. In this numerical example, the following parameters h 1Ri = 2, P 1 = 100, and P Ri = 100 L , where i ∈ [1, L] are used. It clearly shows that the achievable rate increases as the number of relays is so increased. In addition, as number of relays increases beyond a given value such as L = 10, the achievable rate marginally increases. Further, as the channel gain h Ri2 increases so does the achievable rate. Figure 6 shows the achievable rate region of the TWRC in three different cases. This is to compare between the considered (i) two optimization algorithms, and (ii) two forwarding encoding mechanisms. In these examples,
5, h 2Rg = h Rg2 = 1.8, and P T = 200 are set. First, In MISO channel, this figure clearly demonstrates that the iterative algorithm has achievable rate higher than that obtained by employing the non-optimal analytical solution. This is mainly because the iterative solution gives more chance to select the right power for each node. Secondly, this figure also shows that when the two relays form a MAC channel has achievable region higher than that the MISO case. 
Concluding Remarks
In this paper, the TWRC with multiple parallel relays has been considered. The achievable rate region has been derived in the case that the transmission is carried over channels with different frequency bands. In addition, the best relays, that can be used to forward the signals, have been selected. To allocate the right amount of power to every node, two optimization problems were considered. Finally, some numerical examples were drawn to show the importance of our theoretical work. 
